making the membrane impervious to radiation attack during laser fusion experiments.
There are three main steps in our approach (see Figure 1 ). The first is to pattern fine complex structures with low aspect ratio on a master x-ray mask using 100kV electron-beam lithography, followed by gold electroplating. Here we used a 1 m-thick SiC membrane as a substrate, and primary electrons could pass completely through the resist and membrane. This resulted in a reduction in the proximity effect, and we obtained high-fidelity patterns (see Figure 2) . However, this first process is timeconsuming: when using a poly(methyl methacrylate) (PMMA) resist, it took us at least eight hours to pattern a grating of 1 1mm 2 with a period of 200nm.
The second step is to efficiently replicate DOEs (daughters) using x-ray lithography. This step is suitable for metallic, semiconducting, and insulating substrates with high resolution and large process latitude (the variations in linewidth with respect to the processing conditions) and determines the minimum feature size of the DOEs. We used the Beijing synchrotron radiation x-ray lithography beamline, and the large-area nanopatterning required exposure time of just a few minutes, making it much shorter than our first patterning step. More importantly, we could amplify the aspect ratio of the DOEs with a single lithography exposure because the greater depth of focus enabled
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Freestanding structures are often needed to support laser fusion applications. Thus, the final step in our approach was to fabricate a large-scale gold mesh as the supporting structure using low-cost proximity optical lithography and then gold electroplating (see Figure 4) . The required exposure time was a few seconds, and the mesh thickness was larger than 2.5 m. As a result, we obtained a geometric transmission of greater than 60% for the freestanding structures.
Our hybrid lithographic approach enables high-aspect-ratio metal nanometer structures in reasonable time and at low cost, and therefore is well-suited to both laboratory and lowvolume production applications, where testing and debugging of novel device designs are required. Having optimized the resist, processing, tools, and metrology of the three lithographic techniques described, we can fabricate working x-ray DOEs with feature sizes down to 100nm for laser fusion applications. In the x-ray DOEs we have already shipped to customers, the ninthorder diffraction peak can be observed for both the 3333 and 5000 lines=mm x-ray gold transmission gratings, 7 indicating that the gold structures with vertical sidewalls have precise feature size and line edge control. Furthermore, the exposure conditions of the second and third steps in our approach do not depend on using a specific type of substrate. Therefore, our method could also be used to fabricate electronic, sensory, and optical devices.
In future work we plan to fabricate new types of x-ray DOEs, such as Cantor dust zone plates 8 and modified photon sieves. 9 In particular, we aim to improve the aspect ratio for DOEs in the hard x-ray region.

